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Abstract The ultimate fate of CO2 added to the ocean-atmosphere system is chemical reaction with
silicate minerals and burial as marine carbonates. The time scale of this silicate weathering negative
feedback on atmospheric pCO2 will determine the duration of perturbations to the carbon cycle, be they
geological release events or the current anthropogenic perturbation. However, there has been little previous
work on quantifying the time scale of the silicate weathering feedback, with the primary estimate
of 300–400 kyr being traceable to an early box model study by Sundquist (1991). Here we employ a
representation of terrestrial rock weathering in conjunction with the “GENIE” (Grid ENabled Integrated
Earth system) model to elucidate the diﬀerent time scales of atmospheric CO2 regulation while including
the main climate feedbacks on CO2 uptake by the ocean. In this coupled model, the main dependencies
of weathering—runoﬀ, temperature, and biological productivity—were driven from an energy-moisture
balance atmosphere model and parameterized plant productivity. Long-term projections (1 Myr) were
conducted for idealized scenarios of 1000 and 5000 PgC fossil fuel emissions and their sensitivity to diﬀerent
model parameters was tested. By ﬁtting model output to a series of exponentials we determined the
e-folding time scale for atmospheric CO2 drawdown by silicate weathering to be ∼240 kyr (range
170–380 kyr), signiﬁcantly less than existing quantiﬁcations. Although the time scales for reequilibration of
global surface temperature and surface ocean pH are similar to that for CO2, a much greater proportion of
the peak temperature anomaly persists on this longest time scale; ∼21% compared to ∼10% for CO2.
1. Introduction
The legacy of human perturbation of the global carbon cycle will be a long one [Archer, 2005; Archer et al.,
2009]. The burning of fossil fuels, deforestation, and to a lesser extent cement production, creates an excess
of CO2 in the atmosphere (and associated climatic changes) that will persist until it is sequestered either by
natural and/or anthropogenic means. Leaving aside potential deliberate anthropogenic intervention in the
form of geoengineering [Royal Society, 2009], we focus here on improving understanding of the long-term
natural carbon sinks—primarily the order 103 − 105 year geologic processes.
On short time scales (∼100 − 101 years), excess CO2 is absorbed from the atmosphere by the terrestrial
biosphere through the “CO2 fertilization” eﬀect, as well as forest regrowth. The input of carbon is partly
transferred to the soil where it is broken down and returned back to the atmosphere as CO2 (or CH4) on a
∼101 − 102 year time scale. At the same time, the ocean removes excess atmospheric CO2, initially by CO2
dissolving in and reacting with surface waters. Dissolved CO2 forms carbonic acid, which quickly dissociates
into bicarbonate and carbonate ions, allowing more CO2 to enter the ocean from the atmosphere. This
buﬀering allows approximately a factor of 10 more carbon to be absorbed by the ocean than would be the
case were it to remain undiﬀerentiated like oxygen [Revelle and Suess, 1957]. Both the land and ocean carbon
sinks are thought to currently absorb ∼30% each of the excess atmospheric CO2, with the land sink being
more variable on a multiyear time scale [Le Quéré et al., 2009]. However, as more CO2 enters the atmosphere,
the immediate terrestrial and oceanic sinks become less able to absorb excess atmospheric CO2 [Canadell
et al., 2007; Le Quéré et al., 2007]. Indeed the airborne fraction of CO2 (remaining over emitted, per annum)
may have increased from 40% to 45% in recent decades [Le Quéré et al., 2009].
The addition of CO2 to seawater causes ocean acidiﬁcation through the release of protons during the
dissociation of carbonic acid into bicarbonate and the depletion of carbonate ions. Once the ocean is mixed
down to depth, the reduced carbonate ion concentration causes the Carbonate Compensation Depth (CCD;
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the depth in the ocean at which the rain ﬂux of calcium carbonate, CaCO3, is balanced by the dissolution rate
of CaCO3 in the sediments) to move upward, resulting in the dissolution of CaCO3 sediments (equation (1))
on parts of the ocean ﬂoor now lying below the CCD.
CO2(aq) + H2O(l) + CaCO3(s) −→ Ca
2+
(aq) + 2HCO
−
3(aq) (1)
Further sequestration of atmospheric CO2 occurs through the weathering of terrestrial (calcium or
magnesium) carbonate rocks; chemically, this involves the same reactions as those occurring between
dissolved CO2 in the ocean and sedimentary CaCO3. Carbon dioxide dissolves in rain water to form a weak
carbonic acid that accelerates the chemical weathering of the rocks, producing calcium and bicarbonate ions
(equation (1); here given for calcium, but could equally be for magnesium) that are transported by rivers and
ground water to the ocean. This process is known as “terrestrial neutralization” [Archer et al., 1998; Ridgwell
and Hargreaves, 2007].
Depending on the magnitude of the carbon emissions, the fraction of initial emissions remaining in the
atmosphere after these processes have run to completion, is in the range 6–11% [GoodwinandRidgwell, 2010;
Archer, 2005]). The remaining fraction of anthropogenic carbon is removed from the atmosphere by the pro-
cess of silicate weathering, whereby two moles of carbon are consumed for every one that is available for
subsequent transfer back to the atmosphere from the ocean-sediment system (equation (2); compare with
equation (1)):
2CO2(aq) + H2O(l) + CaSiO3(s) −→ Ca
2+
(aq) + 2HCO
−
3(aq) + SiO2(aq) (2)
Carbonate and silicateweathering involve fundamentally diﬀerent processes. Carbonateweathering involves
carbonation and congruent dissolution, whereby all products are dissolved and (through the hydrological
cycle) removed from the weathering site. Silicate weathering, on the other hand, involves hydrolysis and the
precipitation of secondary clay minerals; an incongruent dissolution, the products of which contribute to
soil formation. Estimates of the global ﬂux of CO2 consumed range over 8.6–12.3 Tmol/yr (0.10–0.15 PgC/yr)
for carbonate weathering, and 11.7–17.9 Tmol/yr (0.14–0.21 PgC/yr) for silicate weathering [Meybeck, 1987;
Gibbs et al., 1999; Gaillardet et al., 1999; Amiotte Suchet et al., 2003] (Table S1). These and other ﬂuxes in the
long-term carbon cycle are illustrated in Figure 1, with the rather conservative values used in the numerical
model herein.
The chemical weathering of silicate minerals is both physically and biologically mediated. Physical erosion
increases the surface area available for chemical reaction. At low erosion rates, chemical weathering can
become “transport limited” by the rate of supply of new rock [West et al., 2005]. At higher erosion rates there
is suﬃcient material available such that chemical weathering becomes “kinetically limited.” Then the rate of
silicateweathering increaseswith temperature, runoﬀ, andacidity of theweatheringenvironment, all ofwhich
increase with the CO2 content of the atmosphere. The resulting negative feedback is thought to be pivotal to
the stabilization of the climate over Earth history [Walker et al., 1981], and should also accelerate the recovery
from shorter-term carbon cycle perturbations [Lenton and Britton, 2006]. Direct evidence for the feedback
between climate andweathering comes from decades of data from Icelandic river catchments [Gislason et al.,
2009]. In the modern Earth system, terrestrial plants and their associated mycorrhizal fungi and soil commu-
nities also accelerate weathering rates, through increasing soil pCO2 and carbonic acidity, secreting organic
acids, physically breaking up rocks, and altering hydrology at local and regional scales [Cochran and Berner,
1996; Bormann et al., 1998; Kelly et al., 1998]. This may further alter the strength and time scale of the silicate
weathering negative feedback [Lenton and Britton, 2006].
The time scale over which the silicate weathering feedback operates was quantiﬁed by Sundquist [1991]. The
model used had a one-box atmosphere, coupled to a mixed layer ocean underlain by an 11-box deep ocean;
eachdeepoceanboxwas coupled to a sedimentbox. Carbon cycle chemistrywasperformedusing interactive
variables for atmospheric CO2, ocean dissolved inorganic carbon (DIC) and alkalinity, sedimentary CaCO3, and
the inclusionof simpliﬁedequations of carbonate and silicateweathering. Expressed as an e-folding time scale
for changes in weathering rates, the silicate weathering time scale was calculated to be in the range 3–4× 105
years. In a second study inwhich parameterizations of theweathering dependence on temperature and plant
productivity were applied to a box model divided into atmosphere, vegetation, soil andmultibox ocean, and
sediments [Lenton and Britton, 2006], the silicate weathering time scale was determined to be of the order of
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Figure 1. Illustration of the long-term (geological) carbon cycle ﬂuxes. Shown are the long-term ﬂuxes in the GENIE
model at steady state. In red are sources of CO2 to the atmosphere or ocean, and in dark blue are sinks of CO2.
a million years. Other future projections of the lifetime of anthropogenic CO2 have assumed values of 200 kyr
[Archer et al., 1997] and 400 kyr [Archer, 2005].
More recent work using spatially resolved Earth System Models (ESMs) [Montenegro et al., 2007; Ridgwell and
Hargreaves, 2007] has incorporatedmillennial time scaleprocesses intomodelingof theAnthropocenecarbon
excursion. Detailed, spatially explicit models of the carbonate sediments in the ocean are included, but
terrestrial weathering processes are still only dealt with as a global average prescribed ﬂux. As models were
“only" integrated over time scales in the 104–105 year range, silicate weathering is ignored altogether; the
weathering ﬂux is from carbonates and used to quantify the eﬀect of neutralizing fossil fuel carbonic acidity.
Hence, the silicate weathering process has yet to have its time scale quantiﬁed using a spatially explicit model
that includes a 3-D ocean and climate feedback on temperature and circulation.
To address this and building on earlier work, a newweathering model has been developed and incorporated
into the GENIE Earth System Model [Colbourn et al., 2013]. Here we use this model to quantify the time
scales over which the carbonate and silicate weathering feedbacks operate under diﬀerent assumptions,
i.e., by including more or less processes in our model and by using diﬀerent values of key parameters. The
model, its parameterizations, and the ensemblemembers tested are outlined (in section 2 and the supporting
information). Results are described with a focus on the actions of the carbonate and silicate weathering
feedbacks (in section 3). Time scales analysis techniques are used to determine, from the model output,
e-folding time scales for the reequilibration, through the action of weathering, of the Earth System, following
anthropogenic carbon perturbations (section 3.2). Results are then discussed in comparison with previous
work (section 4) and conclusions drawn (section 5).
2. Methods
2.1. The GENIE Model
In this work, we used cGENIE (mycgenie.seao2.org)—a carbon centric version of the Grid ENabled Integrated
Earth system model (GENIE). GENIE belongs to the class of models known as EMICs (Earth System Models of
COLBOURN ET AL. SILICATE WEATHERING FEEDBACK TIME SCALE 585
Global Biogeochemical Cycles 10.1002/2014GB005054
Figure 2. The GENIE model grid, showing river drainage to the coastal ocean using detailed topographical routing.
Intermediate Complexity). EMICs are often highly parameterized. Processes that take place over small spatial
and temporal scales are aggregated into high-level parameterizations in order to minimize computational
cost. This has the advantageof allowingmoreprocesses tobemodeledandalso longer integrations and larger
ensembles. However, the uncertainty of model results is increased.
GENIE includes an EMBM (EnergyMoisture BalanceModel) 2-D atmosphere [Weaver, 2001] (eb), an eight-layer
version of the Goldstein frictional geostrophic ocean [Edwards and Marsh, 2005, and references therein]
(go) and sea-ice (gs); AtChem, an atmospheric chemistry module to pass gas ﬂuxes (ac); BioGeM (BioGeo-
chemical Model), the ocean biogeochemistry module [Ridgwell et al., 2007] (bg); SedGeM (Sedimentary-
Geochemical Model), the ocean sediments model [Ridgwell and Hargreaves, 2007] (sg); and RokGeM
(Rock-Geochemical Model), the model focused on here [Colbourn et al., 2013] (rg). The sediment model
SedGeM calculates carbonate dissolution using the model of Archer [1991] explicitly, as opposed to previ-
ous work [Ridgwell and Hargreaves, 2007] which used a look-up table of precalculated results from the Archer
[1991] model. The model grid is shown in Figure 2.
2.2. The RokGeMModule
The model of carbonate and silicate rock weathering, Rock-Geochemical Model (RokGeM) was incorporated
in modular form into GENIE in order to explore carbon cycling over long time scales (kyr to Myr) [Colbourn,
2011; Colbourn et al., 2013]. RokGeM calculates weathering ﬂuxes of alkalinity and dissolved inorganic carbon
(DIC) dependent on, and in feedback with, inputs of land temperature (T), runoﬀ (R), and productivity (P).
Carbonate and silicate weathering ﬂuxes of calcium ions (FCaCO3 and FCaSiO3, respectively) take the form
FCaCO3 = FCaCO3 ,0
(
1 + kCa
(
T − T0
)) R
R0
P
P0
(3)
FCaSiO3 = FCaSiO3 ,0e
1000Ea
RT20
(T−T0)
(
R
R0
)𝛽
P
P0
(4)
where 0 denotes an initial value in the feedback ({T , R, P} = {T0, R0, P0} for switched oﬀ feedbacks),
kCa = 0.049 is a constant derived from correlating the temperature and bicarbonate ion concentration of
groundwater [Harmon et al., 1975], Ea = 63 kJ/mol [Brady, 1991] is the activation energy of the silicate
weathering reaction, and 𝛽 (0 < 𝛽 < 1) is a fractional power dependent on lithology, with 𝛽 = 0.65 [Berner,
1994] in the 0-Dmodel. For this work themodel was runwithout being coupled to a land carbon cyclemodel.
Instead, productivity was parameterized as
P
P0
=
⎛⎜⎜⎝
2 C
C0
1 + C
C0
⎞⎟⎟⎠
0.4
(5)
following Berner [1991], where C is atmospheric pCO2.
Fluxes are worked out as a global average for the basic 0-D implementation of themodel, and individually for
each grid cell, for the spatially explicit 2-D version of themodel—where each grid cell is apportioned between
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ﬁve or six distinct lithology classes. Fluxes are routed to the coastal ocean (Figure 2) using topographic data
[Vörösmarty et al., 2000a, 2000b; Colbourn et al., 2013], where they interact with ocean, atmosphere, and
sediment biogeochemical cycles. Full details of themodel are given in [Colbournetal., 2013]. Due to the coarse
nature of the GENIE atmosphere model, runoﬀ and temperature are not spatially accurate when compared
to real-world data, although global averages are reasonable. Furthermore, switching between 0-D and 2-D
weathering schemes when the total initial weathering ﬂux is the same in each case, has only a tiny eﬀect on
the results that is not visible when plotting them. Hence, the 0-D (global average weathering) version of the
model is focused on in this work.
To initialize the model, terrestrial weathering ﬂux was divided evenly between carbonate and silicate
weathering and set equal to a ﬁrst approximation of the burial ﬂux of carbonate material in the sediments
(FCaSiO3 ,0 = FCaCO3 ,0 = 5 × 10
12 mol/yr). Silicate weathering was balanced by setting volcanic outgassing equal
to it. The ocean, atmosphere, and biogeochemistry were left to equilibrate under the condition of ﬁxing
atmospheric pCO2 at a preindustrial level (278 ppm). After 25 kyr (ample time for equilibrium to be achieved),
the sediments were opened and left for 100 kyr to equilibrate with the rest of the system. For this second part
of the model spin-up, terrestrial weathering ﬂux was set to equal the burial ﬂux of carbonate as diagnosed
in the ﬁrst stage of the spin-up. The resulting long-term (geologic) steady state ﬂuxes are summarized in
Figure 1 (and comprise CO2 consumption ﬂuxes of 5.6 Tmol/yr for carbonate weathering and 11.2 Tmol/yr for
silicate weathering).
2.3. CO2 Emission Scenarios
Pulse emissions scenarios of 1000 PgC and 5000 PgC were used to model carbon cycle response over the
next 1 Myr. The 1000 PgC scenario represents an approximate lower limit on cumulative anthropogenic CO2
emissions, given historical fossil fuel emissions of 390 ± 20 PgC, historical land use change emissions of
145 ± 40 PgC, and allowing for <500 PgC future emissions. The 5000 PgC scenario has been used in previous
studies [Archer et al., 2009;Montenegro et al., 2007] and represents a broad upper limit on conventional fossil
fuel reserves/resources.
In realistic scenarios, carbon is input to the atmosphere over the course of a few hundred years. However, this
time scale is a tiny fraction of the simulated time of themodel runs presented here (a million years), making it
of little importance for results pertaining to the far future. Therefore, as a simpliﬁcation, and to aid comparison
with othermodel studies [e.g., Archer, 2005; Archer et al., 2009; Cao et al., 2009], instantaneous pulse emissions
are used in this study. In a comparison of pulse emissions with drawn out emissions, it was found that after
the initial spike, the tails of the emissions curves are virtually identical [Colbourn, 2011].
2.4. Sensitivity Analysis
Wecarriedout a comprehensive testingof theparameters of theRokGeMmodel [Colbournetal., 2013] in order
to explore their eﬀects on the uncertainty of time scales associated with weathering eﬀects on the carbon
cycle. Here we focus on the eﬀects of switching on and oﬀ the carbonate and silicate weathering feedbacks
(f_Ca and f_Si, respectively); varying climate sensitivity; varying weathering-temperature, weathering-runoﬀ,
and weathering-productivity feedbacks; the choice of river-routing scheme; and short circuiting of the
atmosphere (whether carbon was removed from the atmosphere and added to the ocean or just a lower
amount added to the ocean, following the stoichiometry of equations (1) and (2)). A brief description of the
parameter variations considered is given in the supporting information.
2.5. Time Scale Analysis
Time scale analysis was carried out using two diﬀerent methods: (1) graphing and (2) curve ﬁtting. In the
graphing method a curve was plotted of the variation with time of the diﬀerence between the reduction of
each variable from its peak value, and the ﬁnal reduction of each variable, taken to be at the time when the
curves rate of depletion was less than 1 part in 106 between successive time outputs. The natural logarithm
of this curve was taken, and the slope of the resulting curve was taken to be the e-folding time scale (i.e., for
pCO2, the time, at the given year, which it would take for the pCO2 level to be reduced by a factor of e).
In the curve-ﬁtting method, a series of exponential curves with negative gradients were ﬁtted to model
output, using the function NonlinearModelFit in Mathematica. The general form of the ﬁt is given by
the equation
V(t) = b + h
n∑
i=1
wie
−(t−t0)∕𝜏i (6)
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where V is the variable of interest, evaluated at time (year) t, b is the “baseline” of the function, or the
value of the variable at the end of the decay where stabilization occurs (for ensemble members with silicate
weathering feedbacks included, this is the preindustrial level), and h is the “height” of the peak above the
baseline level; i.e.; the peak minus the preindustrial level. Each curve i is weighted by a normalized weighting
wi. 𝜏i are e-folding time scales for each curve; the time taken (t–t0) for the curve to reach e
−1 of its peak value,
where t0 is the time (year) of the peak. The result is a Green’s function, as ﬁrst used to quantify ocean CO2
response times byMaier-Reimer and Hasselmann [1987].
The number of curves ﬁtted (n), was looped over, up to a maximum of n = 10 (no ﬁts had n > 7), in order to
determine the best ﬁtting curve. The Bayesian Information Criterion (BIC) [Schwarz, 1978] was used to rank
curves in order of best ﬁt, as it penalizes overﬁtting by giving a higher score (lower scores are best) to equal
ﬁts with more parameters.
3. Results
Here we focus on the operation of the carbonate and silicate weathering feedbacks (section 3.1), including a
time scale analysis for depletion curves of key variables (excess global atmospheric pCO2, surface warming,
and surface ocean acidiﬁcation) (section 3.2). The eﬀect of climate sensitivity on weathering is also presented
(section 3.3), followed by a summary of the broader sensitivity analysis (section 3.4).
3.1. Carbonate and SilicateWeathering Feedbacks
For each emissions pulse, pCO2 initially declined relatively rapidly (over the course of a thousand years;
Figure 3a). This can be attributed to “ocean invasion” of CO2 as well as the onset of dissolution of sea bed
carbonate (CaCO3) sediments. The pCO2 then declines more slowly due to the action of ﬁrst carbonate
and then silicate weathering feedbacks; these feedbacks include the temperature, runoﬀ, and productivity
feedbacks described in section 2.2 and discussed in detail in Colbourn et al. [2013].
Compared with a constant weathering ﬂux, the carbonate weathering feedback has only a minimal eﬀect in
the long term; 50 kyr after a 5000 PgC release, there is only a 22 ppm diﬀerence in CO2 concentrations in the
atmosphere with carbonate weathering feedback switched on. Sequestration eﬀectively stops at this point
for both constant weathering (carbonate and silicate weathering feedbacks oﬀ) and carbonate weathering
feedback only. The silicate weathering feedback has a more pronounced eﬀect; a 95 ppm diﬀerence over the
same 50 kyr time period. Eventually, with the action of the silicate weathering feedback, atmospheric pCO2
is returned to near preindustrial levels, reaching 300 ppm after 440 kyr for the 5000 PgC scenario (or after
80 kyr for 1000 PgC). Interestingly, after 50 kyr, when the carbonate weathering feedback has run its course,
having the carbonate weathering feedback on slightly hinders the silicate weathering feedback; in the case
of both carbonate and silicate weathering feedbacks being active, it takes 460 kyr–20 kyr longer—to return
to 300 ppm pCO2 in the 5000 PgC scenario. This is likely because the carbonateweathering feedback removes
CO2 from the atmosphere, thus leaving less for the stronger silicate weathering feedback to operate on. Thus,
the silicate weathering feedback is weakened in the presence of the carbonate weathering feedback.
After 1 Myr, pCO2 is 278 and 281 ppm, respectively, for 1000 and 5000 PgC emission burns (the control run
with no emissions is at 277 ppm; preindustrial pCO2 was taken to be 278 ppm). Even on the millennial time
scale, the weathering feedbacks are signiﬁcant; this concurs with recent work using the UVic ESM [Meissner
et al., 2012]. For the 5000 PgC scenario there is a 64 ppmdiﬀerence at year 3000 between having no feedbacks
and having both carbonate and silicate weathering feedbacks (this represents 7% of the CO2 in excess of the
preindustrial). Othermodels, compared in Archer et al. [2009], haveweathering feedback diﬀerences of 40, 50,
and 135 ppm 1000 years after emissions [see Archer et al., 2009, Figure 4].
Figure 3b shows the increase in atmospheric temperatures. On a millennial time scale (left panel) there is a
clear lag in the system between the lowering of CO2 levels and the lowering of temperature, illustrated by
the more convex shape to the curves. The silicate weathering e-folding time scale is similar to that for CO2
(∼200 kyr); including carbonate weathering, it is slightly longer. The acidiﬁcation of the oceans is illustrated
in Figure 3c. Like the temperature change, the recovery of sea surface pH lags behind the reduction in
atmospheric CO2 levels.
Percentages of atmospheric pCO2, global surface warming, and ocean acidiﬁcation in excess of preindustrial
levels are plotted up to year 1 M in Figure 4. The airborne fraction of excess pCO2 (remaining) reaches 50%
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Figure 3. Evolution of (a) atmospheric pCO2, (b) global surface warming, (c) surface ocean acidiﬁcation, (d) sea ﬂoor
sedimentary carbonates, (e) weathering alkalinity ﬂux, and (f ) weathering DIC ﬂux, over 1 Myr for 1000 PgC (blue) and
5000 PgC (green) emissions pulses versus a control run with no emissions (black), with carbonate and silicate weathering
feedbacks (f_Ca and f_Si, respectively) on/oﬀ in the global average (0-D) version of the model. Note that the blips in
sediment CaCO3 are an artifact of the model restart process (model runs were restarted every 4.4 kyr) caused by the
sediments taking a few years to “warm up” and output being taken during this time.
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Figure 4. Fractions of initial excess atmospheric pCO2, global warming, and ocean acidiﬁcation remaining over 1 Myr for
1000 PgC (blue) and 5000 PgC (green) emissions pulses versus a control run with no emissions (black), with carbonate
and silicate weathering feedbacks (f_Ca and f_Si, respectively) on/oﬀ.
by the mid-23rd century in the 1000 PgC emissions case; this milestone is not reached for a further 650 years
(carbonate and silicate weathering feedbacks on) to 850 years (carbonate and silicate weathering feedbacks
oﬀ) for the 5000 PgC scenario. It should be noted that due to emissions being in the form of a pulse, initial
spikes in the values of the variables in question lead to an underestimation of fractions remaining when
comparedwithmore realistic scenarios,where emissions aredrawnout over decades to centuries. Even so, the
diﬀerence in shapebetween the emissions scenarios is substantial, with the larger 5000PgCemissions leading
to a steeper initial decline in fractions of excess CO2 warming and acidiﬁcation that remain. Discussing tem-
peratures and pH values in terms of fractions (or percentages) is not strictly speakingmeaningful, on account
of pH being measured on a logarithmic scale and temperature depending on the logarithm of pCO2. These
variables are included in Figure 4 for the sake of allowing rough comparisonswith similar ﬁgures for pCO2 and
to observe similarities and diﬀerences in the shapes and features of the curves.
The results of the graphing time scale analysis (section 2.5) are shown in Figure 5. We ﬁnd a marked distinc-
tion in the response of ensemble members with ﬁxed weathering and the carbonate weathering feedback
(f_Ca), compared to thosewith the silicateweathering feedback (f_Si). For the atmospheric CO2 sequestration
response (Figure 5a), the ﬁxed and f_Ca members exhibit a clear 104 year e-folding time scale between the
years ∼5000 and ∼50,000; this is the period of “terrestrial CaCO3 neutralization” through carbonate weath-
ering [Archer et al., 1998; Ridgwell and Hargreaves, 2007]. The exact onset and duration of this time scale is
modulated by the strength of the forcing (amount of emissions); the lower forcing scenario has an earlier
onset and demise of this time scale compared to the higher forcing scenario. For the f_Si runs, a ∼200 kyr
e-folding time scale emerges from year∼50,000 onward; this is the periodwhere silicateweathering becomes
dominant. After 500 kyr, the e-folding time scale decreases, indicating an increase in the sequestration due
to silicate weathering; this is despite the approaching of preindustrial levels of carbon (see Figure 3a). This
is perhaps an artifact of the analysis given the closeness of the model to reaching steady state. The peak
in sequestration time scale coincides with the completion of the recovery (to preindustrial levels) of car-
bonate sediments in the ocean (see Figure 3d). For the carbonate weathering only runs, sequestration of
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Figure 5. The e-folding time scales for (a) the sequestration of CO2 from the atmosphere, (b) global surface warming,
and (c) global surface ocean acidiﬁcation; for 1000 PgC (blue) and 5000 PgC (green) emissions pulses versus a control run
with no emissions (black), with carbonate and silicate weathering feedbacks (f_Ca and f_Si, respectively) on/oﬀ. Curves
smoothed by taking a ﬁve-point moving average. Note the logarithmic scale on the y axis.
carbon eﬀectively ceases after ∼50 kyr (Figure 3a), giving rise to an erratic e-folding time scale in our analy-
sis. Intervals between the plateaus and at the start of the simulation correspond to no single sequestration
process dominating.
3.2. Extraction of pCO2 Decay Time Scales
From the curve-ﬁtting time scale analysis (section 2.5), for the case with both silicate and carbonate weath-
ering feedbacks switched on, it was determined that atmospheric pCO2 (in ppm) at year t following an
instantaneous release of 1000 PgC of CO2 emissions into the atmosphere is given by
pCO2(t) = 277.6 + 308f (t) (7)
where
f (t) = 0.115e−Δt∕25.1 + 0.36e−Δt∕139 + 0.21e−Δt∕350
+ 0.13e−Δt∕4500 + 0.09e−Δt∕10200
+ 0.098e−Δt∕237000
(8)
is the fraction of excess pCO2 remaining after time Δt (the time after the peak). In Table 1, the coeﬃcients
above are showncompletewith errors at the 95%conﬁdence level from the ﬁtting. The six time scales are each
likely representative of a diﬀerent process in the model. Translating the e-folding time scales of equation (8)
into half lives, what follows is a list of the time scales with the corresponding processes in parentheses: 11.5%
of excess pCO2 is removed (or “decays”) with a half life of 17.4 years (“ocean invasion” and carbonate chemistry
reactions in seawater); 36% has a half life of 96 years (mixing of the upper layers of the ocean); 21% has a
half life of 240 years (mixing of the ocean down to depth); 13% has a half life of 3100 years (dissolution of the
ocean-ﬂoor carbonate sediments); 9% has a half life of 7100 years (carbonateweathering); and 9.8% has a half
life of 164,000 years (silicate weathering).
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Note that the fractions of the perturbation attributed to the longer time scales are underestimates on account
of the emissions scenario being a pulse, rather than being drawn out over decades to centuries as with our
current real-world perturbation. This is because the shorter time scale processes get to remove a smaller frac-
tionwhen the emissions are spreadover a time scale comparable to theirs. Note also that the fractional uptake
by diﬀerent processes is expected to change with the size of the carbon emission pulse. In particular, the ﬁrst
three coeﬃcients (0.115, 0.36, and 0.21), relating to the percentage of the carbon pulse taken up by diﬀer-
ent parts of the ocean, are expected to decline as emissions increase [Goodwin et al., 2008]. These ﬁrst three
(submillennial) time scales are best quantiﬁed using models more complex than GENIE; GCMs with a cou-
pled carbon cycle will givemore realistic results as they have higher resolutions, dynamical atmospheres, and
detailed ocean physics.
3.3. Climate Sensitivity Dependence of Weathering
A parameter aﬀecting radiative forcing in the EMBM was adjusted so as to alter the climate sensitivity (◦C of
global warming for a doubling of atmospheric pCO2). In addition to the default climate sensitivity of 2.64
◦C,
we tested climate sensitivities of 1.5, 3, 4.5, and 6◦C spanning the full range estimates as reported by the IPCC
[Solomon et al., 2007] (Figure S1). Time scale analysis was performed through ﬁtting exponential curves to the
atmospheric pCO2 model output (as above). For the 5000 PgC scenario, the medium-term time scales associ-
ated with deep ocean mixing are lower for lower climate sensitivities (560 ± 6 years for 1.5◦C) and higher for
higher climate sensitivities (860± 30 years for 6◦C). For higher climate sensitivities, the ocean takes longer to
absorb the initial excess CO2 on account of a decrease in ocean overturning (particularly in the Atlantic, where
overturning shuts down for 2 kyr). It is worth noting, however, that the percentages of the pCO2 perturbation
sequestered over thesemedium-term time scales is higher for the higher climate sensitivities (55.0± 0.6% for
6◦C versus 47.4 ± 0.1% for 1.5◦C).
The situation is reversed when it comes to the long-term time scales associated with carbonate and (espe-
cially) silicateweathering. Here lower climate sensitivities give longer time scales; 9.10±0.08 kyr (1.5◦C) versus
6.3 ± 0.4 kyr (6◦C) for carbonate weathering and 370 ± 20 kyr versus 120 ± 20 kyr for silicate weathering.
Higher climate sensitivities amplify perturbations in temperature, runoﬀ, andpCO2, all ofwhich in turn amplify
the weathering feedbacks. These results are corroborated for the 1000 PgC scenario, which has better ﬁts and
more time scales identiﬁed [Colbourn, 2011].
These results suggest a way of partially determining past climate sensitivities from the paleorecord of carbon
excursions; a measure of the relaxation time in carbon excursion proxies could be used to give an estimate of
the climate sensitivity (assuming the perturbation size could be gauged independently).
3.4. Sensitivity Analysis
For 1000 PgC emissions, with only the weathering temperature feedback operating, the e-folding time scale
of silicateweathering increases to∼390 kyr because of the removal of feedbacks fromproductivity and runoﬀ.
Then varying the activation energy of silicate weathering (Ea) over 45–103 kJ/mol gives a range of silicate
weathering time scales of 420–188 kyr. With only the weathering runoﬀ feedback operating, the e-folding
time scale of silicate weathering increases to ∼1900 kyr, indicating that variations in runoﬀ alone can only
provide a very weak long-term negative feedback on climate. Then varying the scaling factor for runoﬀ (𝛽)
over 0.48–1.12 gives a range of time scales of 2000–890 kyr. Alternatively, parameterizing changes in runoﬀ as
proportional to changes in temperature and varying the constant of proportionality (k_run) over 0.012–0.045
yields a range of time scales of 2800–790 kyr. With only the weathering productivity feedback operating, the
e-folding time scale of silicate weathering increases to ∼710 kyr. The choice of river routing scheme used, or
whether or not the atmosphere was “short circuited” in the carbon cycle, had little eﬀect on the results.
Due to the sensitivity analysis being designed to isolate diﬀerent components of the silicate weathering
feedback, it does not directly yield an uncertainty range around our best estimate of the e-folding time
scale. However, we note that individual parameter uncertainty studies produce a factor of uncertainty in the
e-folding time scale of the silicate weathering feedback that broadly reﬂects the factor of uncertainty in the
input parameter (e.g., variation in Ea over a factor of 2.3 yields variation in the resulting e-folding time scale
over a factor of 2.2) and that several sensitivity studies, including varying climate sensitivity, produce a factor
of 2.2–2.3 uncertainty in the silicate weathering time scale. Furthermore, the uncertainty ranges in e-folding
time are skewed to longer time scales, with roughly two thirds of the error range above the best estimate and
one third below (e.g., Ea = 74 kJ/mol gives 262 kyr, Ea = 45 kJ/mol gives 420 kyr, and Ea = 103 kJ/mol gives
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188 kyr). Thus, while recognizing that this is more an expert judgment than a statistical measure, we oﬀer an
uncertainty range on the e-folding time scale of the silicate weathering feedback of 170–380 kyr about our
best estimate of ∼240 kyr from the 0-D weathering model.
4. Discussion
Fittingmodel output of atmospheric pCO2 (amongother variables) to a series of decaying exponentials allows
us toquantify the e-folding time scales for various sequestrationprocesses (see section 3.2 above). The longest
time scales to come out of this analysis correspond to those of “terrestrial neutralization” through the action
of carbonate weathering and, ultimately, removal of carbon to the geologic reservoir through the process
of silicate weathering. Some ﬁttings contained more time scales than others because of an overlap between
the time scales of terrestrial neutralization and those of sediment dissolution. For the parameter set deemed
most realistic, the carbonate weathering time scale for GENIE-RokGeM is 10.2 ± 1.0 kyr (where the error here
is from 95% conﬁdence limits in curve ﬁtting). The sensitivity analysis suggests a more circumspect range of
8–12 kyr, dependent on the settings of various model parameters. Our estimate of the carbonate weathering
e-folding time scale is a little longer than previous estimates of 8.2 kyr [Archer et al., 1997] and 8.3 kyr [Ridgwell
and Hargreaves, 2007].
Using our preferred 0-D global average version of RokGeM with all carbonate and silicate weathering feed-
backs switched on gives a silicate weathering e-folding time scale of ∼240 kyr, with an uncertainty range of
170–380 kyr (section 3.4).
Our estimates of the time scale of the silicate weathering negative feedback are notably shorter than the
300–400 kyr box-modeling estimates of Sundquist [1991]. Sundquist’s study is not directly comparable, as he
uses diﬀerent types of perturbation and measures e-folding time scales for the weathering ﬂux rather than
atmospheric CO2 (although this should make little diﬀerence). His closest perturbation is an instantaneous
10% increase in decarbonation (i.e., CO2 input to the atmosphere) which yields an e-folding time scale of
380 kyr, with diﬀerent experiments yielding 310 kyr and 325 kyr. The initial value of the silicateweathering ﬂux
in [Sundquist, 1991] is 11.8 Tmol CO2 yr
−1, similar to our 0-D model, so this does not explain the discrepancy.
Instead, the slower response time scale can be understood in terms of the diﬀerent prescribed functional
response of silicate weathering, which in Sundquist [1991] is
Fws
Fwsi
=
(
2RCO2
1 + RCO2
)0.4
R0.22CO2 (9)
where Fws is the rate of silicate weathering; Fwsi the initial rate of silicate weathering, and RCO2 the ratio of
atmospheric CO2 to its initial value. This contains the same productivity feedback on weathering as RokGeM,
but the R0.22CO2 term encapsulating climate feedbacks represents a weaker functional response. With our default
parameter settings in RokGeM the combined temperature and runoﬀ dependencies in equation (4) are well
approximated by R0.4CO2 . Around RCO2 ∼ 1 the productivity feedback can be approximated by R
0.2
CO2
; thus, the
total feedback about the present state is ∼R0.6CO2 in our formulation and ∼R
0.42
CO2
in Sundquist [1991]. If we
denote the general form as R𝛼CO2 and linearize the response about the present state (i.e., weathering ﬂux varies
as ∼𝛼RCO2 ), this suggests that the e-folding time scale of the silicate weathering negative feedback should
scale with 1∕𝛼. We thus expect Sundquist’s e-folding time to be ∼1.4 times longer than ours based just on
the weaker negative feedback—in fact it is ∼1.6 times longer. The e-folding time scale should also scale with
1∕Fwsi (the inverse of the initial weathering ﬂux), which is similar in the two 0-D models.
The technique of autoﬁtting a variable number of exponentials to elucidate multiple e-folding time scales
is a useful tool for the accurate quantiﬁcation of carbon cycle perturbations of any length and size. There is
good potential for further work exploring the implications of this technique for quick but accurate analytical
calculations of the form given by Goodwin et al. [2008].
5. Conclusion
We provide the ﬁrst reassessment of the e-folding time scale of the silicate weathering feedback since
Sundquist [1991]. A new spatially explicit weathering model, RokGeM [Colbourn et al., 2013], coupled to the
GENIE SystemModel, was used to simulate long-term carbon cycle perturbations (up to 1Myr) in scenarios of
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1000 and 5000 PgC fossil fuel emissions. The weathering time scale estimates cover a wide range depending
on the parameter settings chosen. However, using the basic version of the model (global average weather-
ing) with carbonate and silicate weathering feedbacks switched on, e-folding time scales of ∼10 kyr (range
8–12 kyr) for carbonate weathering and∼240 kyr (range 170–380 kyr) for silicate weathering were found. The
quantiﬁcation of the silicate weathering time scale is themost signiﬁcant result, as it has only previously been
determined using boxmodels (such as Sundquist [1991]) or estimated using geological evidence and reason-
ing [Berner and Caldeira, 1997]. The estimated silicate weathering time scale is shorter than in previous work,
but still in the hundreds of thousands of years, suggesting a comparable duration for the Anthropocene.
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